Atmospheric characterization through spectroscopic analysis, an essential tool of modern exoplanet science, can benefit significantly from the context provided by interior structure models. In particular, the planet's bulk metallicity Z p places an upper limit on potential atmospheric metallicity. Here we construct interior structure models to derive Z p and atmospheric metallicity upper limits for 403 known transiting giant exoplanets. These limits are low enough that they can usefully inform atmosphere models. Additionally, we argue that comparing Z p to the observed atmospheric metallicity gives a useful measure of how well-mixed metals are within the planet. This represents a new avenue for learning about planetary interiors. To aid in the future characterization of new planet discoveries we derive analytic prior predictions of atmosphere metallicity as a function of planet mass, and evaluate the effectiveness of our approach on Jupiter and Saturn. We include log-linear fits for approximating the metallicities of planets not in our catalog.
INTRODUCTION
Spectroscopic characterization of exoplanet atmospheres has proven to be an invaluable tool in understanding the nature and formation of giant planets. Under the core accretion model of giant planet formation (see Pollack et al. 1996) , these planets are records of the disks from which they formed. For example, the C/O ratio of a planet may depend on where it formed relative to the ice lines of water, methane, CO, and CO 2 and the relative accretion of solids and gas (Öberg et al. 2011; Madhusudhan et al. 2014; Mordasini et al. 2016; Espinoza et al. 2017 ). Many studies have collected emission and transmission spectra for purpose of determining molecular abundances, e.g. Swain et al. (2010) ; Line et al. (2014) ; Kreidberg et al. (2018) ; Wakeford et al. (2018) , often using the Spitzer and/or Hubble Space Telescopes. These observations can also reveal the presence of hazes and clouds (e.g. Fortney 2005; Sing et al. 2011; Gibson et al. 2012; Mandell et al. 2013; Morley et al. 2013; Kreidberg et al. 2014 ) as well as atmospheric temperature structure, including whether a temperature inversion is present (Knutson et al. 2008; Fortney et al. 2008; Burrows et al. 2008; Madhusudhan et al. 2011; Evans et al. 2016) .
With the recent successful launch of the Transiting Exoplanet Survey Satellite (TESS ; see Ricker et al. 2015) , many more planets amenable to spectroscopic follow-up are likely to be discovered (Barclay et al. 2018; Sullivan et al. 2015; Huang et al. 2018) . Additionally, the James Webb Space Telescope (JWST ; see Gardner et al. 2006 ) will allow for measurements in new wavelength ranges with unprecedented precision (Beichman et al. 2014; Bean et al. 2018 ).
An important driver in atmospheric measurements is determining the metallicity of the planetary atmosphere , which can be compared to predictions of formation models. However due to degeneracies in determining atmospheric abundances (first identified in Benneke & Seager 2012) , error bars on the abundances of atoms and molecules of interest can often be large (see also Griffith 2014; Line & Parmentier 2016; Heng & Kitzmann 2017; Fisher & Heng 2018) . This can manifest itself as a strong prior dependence (see e.g. Oreshenko et al. 2017 ). As such, it would be helpful to have an additional source of information or constraint about the atmosphere's metallicity.
Interior structure models can help in this case. For planets with known masses and radii, we can infer the bulk metallicity Z p through the use of planet evolution models which are used to understand the planetary radius over time, as in Thorngren et al. (2016) . The equations of state for the most common metals (say, oxygen and carbon) at megabar pressures are similar enough (e.g. compare Thompson 1990; French et al. 2009 ) that this approach is insensitive to the exact metals in question. Iron's high density makes it an exception, but its lower abundance (Asplund et al. 2009 ) makes this unimportant for our purposes.
Of course even knowing Z p exactly does not directly imply an atmosphere metallicity. Even in the simplest model where the atmosphere and the entire H/He envelope share the same composition, some metals will likely be sequestered in the core. In more complex models, interior composition gradients could lead to an increasing metallicity with depth in the H/He envelope (e.g. Leconte & Chabrier 2012; Vazan et al. 2016) . However, cases where Z increases going outward in the planet will not be long-lived, succumbing either to RayleighTaylor instability or ordinary convection. Therefore the planet's bulk metallicity serves as an upper limit on the atmospheric metallicity. We define the "visible metal fraction f " -that observed in the atmosphere -as the ratio of atmospheric metallicity Z to the bulk metal, Z p :
The atmosphere cannot be more metal-rich than the interior, so 0 ≤ f ≤ 1, and Z p is an upper limit on the metallicity of the atmosphere. Using this approach, we have previously helped to constrain metallicity in retrievals for two cases already. For GJ 436b (Morley et al. 2017) , interior structure models were helpful in contextualizing the inferred high atmospheric metallicity and connecting it to the large intrinsic flux suggested by the spectrum. For WASP-107b (Kreidberg et al. 2018) , we were able to help rule out a high-metallicity atmosphere, in agreement with the spectroscopic observations.
In this work, we seek to provide upper limits on atmospheric metallicity to assist with atmospheric retrieval modeling for every planet with sufficient data to support this. We also discuss prior predictive distributions for the atmospheric metallicity, as well as fits to the upper limits so that future planet discoveries can easily produce limit estimates for planets with measured masses and radii.
Our data consists of transiting planets with RV and/or TTV follow up, downloaded and merged from the NASA Exoplanet Archive (Akeson et al. 2013 ) and Exoplanets.eu (Schneider et al. 2011) . We consider only planets nominally massed between 20 M ⊕ and 20 M J whose relative mass and radius uncertainties are < 50%. We exclude hot Saturns, which we define as planets with mass M < .5M J and flux F > 0.5 Gerg s −1 cm −2 , as these planets are not well modeled by the inflated radius fits of Thorngren & Fortney (2018) . An exception was made to include the potential JWST GTO object WASP-52 b, which was just over the line (M = .46 M J , F = .65 Gerg s −1 cm −2 ) but appears to be well-modeled. These criteria resulted in the selection of 403 planets: 70 Saturns, 35 cool Jupiters, and 298 hot Jupiters. The boundary between cool and hot Jupiters, by our definition, is .2 Gerg s −1 cm −2 , below which significant radius inflation does not occur (Miller & Fortney 2011; Demory & Seager 2011) .
METHODS
Following Fortney et al. (2013) , consider a mass M of gas with a metal mass fraction Z. The mass of the hydrogen and helium is M (1 − Z), and the mass of the metals (everything else) is M Z. Thus, given the mean molecular mass of the hydrogen (µ H ) and metals (µ Z ), the number of hydrogen and metal molecules is
From this, we can compute the metal abundance ratio Z:H (by number) as:
Satisfyingly, this is independent of mass and only depends on Z, the H/He mass ratio Y /X, and the ratio of the mean molecular masses µ Z /µ H . For our calculations, we use µ H = 2 AMU (molecular hydrogen), µ Z = 18 AMU (water), and Y /X = .3383 (Asplund et al. 2009 ). Models reflecting individual planetary chemistry can be similarly constructed; as Heng (2018) reminds, "atmosphere metallicity" is ambiguous, so extra care should be taken here. Often in atmosphere modeling, this is parameterized in units relative to the metal abundance of the solar photosphere Z:H = 1.04×10 −3 (Asplund et al. 2009 ). We will use these units implicitly for the remainder of this letter.
In some atmospheric retrievals, the authors have opted not to lock different metal abundances to fixed ratios (e.g. Oreshenko et al. 2017) . For these cases Eq. 3 can still be useful. To handle this, one must compute the total metallicity from the individual abundances (potentially making assumptions about unmodelled abundances). One should also compute the mean molecular mass of the metals if they differ significantly from the assumed 18. Using the new mean molecular mass of the metals µ Z , our tabulated Z:H can simply be scaled by a factor of 18/µ Z . Note that this procedure only informs us of the total metal abundance, not individual molecular abundances.
From here we can proceed in two different ways. First, in §2.1, we will combine Eq. 3 with the mass metallicity relation from Thorngren et al. (2016) . This results in a distribution for Z:H which depends only on f and the planet mass. This is a useful as a baseline expectation for the planet population, but when considering individual planets we wish to also account for their observed radii, insolation, and age to get a more precise estimate. For this, we combine Bayesian statistical models with interior structure models in §2.2, which we then apply separately to each planet from our sample in turn. The results of these calculation are discussed in §3.
Prior Predictive
A simple way to estimate the bulk metallicity of the planet is to make use of the planetary mass-metallicity relation we identified in Thorngren et al. (2016) , which takes the following form:
When M Z and M are in Jupiter masses, α = .182, β = .61, and σ Z = .26. We can neglect uncertainty in the parameters because the predictive uncertainty is dominated by the residual spread σ Z . This can be easily converted to a prior on bulk Z p as follows:
Here, α = log 10 (α ) = −.7395 and β = β − 1 = −.39 for brevity. Combining equations 3 and 7, we can produce a prior on the relative number fraction of metals:
From this, we can compute the expected amount of metal in an atmosphere given the mass of the planet and f . The maximum atmospheric metal abundance Z:H max occurs when f = 1. To account for the additional information available from radius, age, and flux, we will include structure evolution modeling using a Bayesian framework in the next section. These techniques are not wholely separate, however: Eq. 8 is the prior predictive distribution with respect to that more sophisticated model.
Statistical Models
Our statistical model seeks to identify structure parameters which reproduce the observed radius R obs , accounting for the observational uncertainty σ R . The parameters we consider are the planet mass M in Jupiter masses, the bulk planet metallicity Z p , the anomalous heating efficiency , and the age of the planet t in Gyr. Thus, we construct the following likelihood:
Here, R(M, Z p , , t) refers to the radius output of our structure models, and N (µ, σ) is the a normal distribution with mean µ and standard deviation σ; N (x|µ, σ) indicates the distribution's PDF should be evaluated at x (the same notation will be used for other distributions later). The priors for M and t are the observed mass and age of the planet, with the latter truncated between 0 and 14 Gyr, since we are confident that the planets are not older than the universe.
We use T N (µ, σ, x 0 , x 1 ) to refer to a truncated normal distribution with mean µ, standard deviation σ, and upper and lower limits x 0 , x 1 . The prior for Z p comes from the mass-metallicity relation (Eq. 7).
We use LN (µ, σ) to indicate a log normal distribution, where the log 10 of the parameter is normally distributed with mean µ and standard deviation σ. Hot Jupiter radius inflation represents a complicating factor in constructing evolution models for these objects. We handle the anomalous heating efficiency using the Gaussian process posterior predictive results from Thorngren & Fortney (2018) . There we inferred anomalous heating as a function of flux by adjusting it to match the modelled radius to the observed radius. The composition was assumed to follow the same distribution as the warm giant planets, since they are in similar mass and orbital regimes. Because of their extra degree of freedom, we see larger (but manageable) uncertainties on the bulk metallicities for hot Jupiters.
Thus, we are using the trends in composition and heating efficiency that reproduced observed radii of the giant planet population as the priors for individual planets. Combining the likelihood (Eq. 9) and priors (Eq. 10-13), we obtain a posterior proportional to:
T N (t|t obs , σ t , 0, 14)
We sampled from this posterior separately for each planet using a Metropolis-Hastings sampler (Hastings 1970) , drawing 10,000 samples in each of four independent chains, burning in for 100,000 samples and recording only every 100 th sample (thinning) thereafter. Convergence was evaluated using the Gelman-Rubin diagnostic (Gelman & Rubin 1992) and acceptance rates, as well as visual inspection of the autocorrelation plots, trace plots, and corner plots (Foreman-Mackey et al. 2013) . As an example, Fig. 1 depicts the posterior distribution for WASP-43b. We can see that its metallicity is Z p = .35 ± .08, uncorrelated with other parameters because the primary source of uncertainty (in this case) is the radius measurement. With these posterior sam- The parameters are the mass of the planet in Jupiter masses, the bulk metallicity of the planet (metal fraction by mass), the anomalous heating efficiency (the fraction of incident flux deposited in the interior; see Thorngren & Fortney (2018) ) in percent, and the age in Gyr. A small degree of Gaussian smoothing was applied to the 2-D histograms to make them clearer. The top right histogram shows the Z:H distribution derived from the Zp posterior using Equation 3, and the upper limit at the 95th percentile (131× solar).
ples in hand, we can derive a distribution for Z:H from Z p using Eq. 3, assuming f = 1, which yields Z:H of 80.35 ± 27.5× solar. We use the 95 th percentile of this distribution as our upper limit, which for WASP-43b is 131× solar.
3. RESULTS
Known Planets
Our main results are the upper limits on atmospheric metallicity Z:H max , a selection of which are shown in Table 3 .1 along with the input parameters we used for each planet. The posterior means and standard deviations of Z p and Z:H p are also shown for reference. Added caution is advisable for using the Z p values, as these distributions are more sensitive to the prior on than the upper limits are. Nevertheless, they are reasonable estimates. Figure 2 shows the upper limits Z:H max plotted against planetary mass, along with the prior for Z:H from Eq. 8. The prior shows the expected massdependence of the metallicity for f = 1, going from ∼ 100× solar at Neptune masses to < 10× solar for brown dwarfs. The 1σ range for the prior is shown as a shaded region; at small masses, Z p is typically closer to the asymptote in Z:H at Z p = 1 (see Eq. 3), leading to larger uncertainties. The upper limits are generally higher than the prior mean, as expected.
For some planets, Z p was potentially close to one. This typically occurs for low mass planets near the cutoff of 20M ⊕ , or planets with larger uncertainties in mass or radius. As Z p → 1, Z:H → ∞, so we cannot provide meaningful upper-limits on Z:H in that range. To reflect this, we have identified the 21 planets whose posterior Z p has a 99 th percentile exceeds 0.9, and removed the upper limit. We chose to strike the entry rather than remove the planet from the table so that readers will at least know that these planets are consistent with very large values of Z:H.
For comparison, we applied our models to Jupiter and Saturn. Since these are not inflated and have tiny mass, radius, and age uncertainties, our methods produce values with negligible error bars. Of course, for these cases, the assumption that observational error dominates modeling uncertainties (discussed in Thorngren et al. 2016) is not valid, but the comparison is still worth making. For Jupiter we obtain Z p = .12 and Z:H ≤ 17.7; Guillot (1999) compute .03 ≤ Z p ≤ .12, and the observed atmospheric value is Z:H ≈ 3.5 (Atreya et al. 2016 ). For Saturn, we get Z p = .291 and Z:H ≤ 51; Guillot (1999) compute compute .21 ≤ Z p ≤ .31, and the observed atmospheric value is Z:H ≈ 10 ( Atreya et al. 2016) . In both cases, the metal abundance seen in the atmosphere is about 20% of the value we compute for the bulk (the upper limit). By mass, f ≈ 0.2 (see §2) also. These limits and actual values are shown in Figure 2. 
Fits for Future Discoveries
For new exoplanet discoveries, it would be useful to have a rough estimate of Z:H in advance of running full interior structure models. For this purpose, we have constructed least squares fits of the observed, Z, log 10 (Z:H p ), log 10 (Z:H max ). Due to the complexity of the underlying models, a relatively large number of predictor variables were needed; these were selected by hand with the aim of minimizing the model BIC (Schwarz 1978) while keeping the number of variables manageable. The results of these fits were as follows: 
1.14 − 0.27 log 10 (M ) − 9.06 log 10 (R)+ 0.19 log 10 (F ) − 1.15 log 10 (M ) log 10 (R)+ 0.72 log 10 (F ) log 10 (R) + 1.07 log 10 (σ R )+ 0.3 log 10 (σ R ) 2 ± 0.11
It is important to remember that these are only fits, and so extrapolation is not appropriate; they should only be used for planets with parameters similar to that of our data. Using the 5 to 95 th percentiles, these are .13 < M < 4.80 (M J ), .51 < R < 1.63 (R J ), .033 < F < 4.60 (Gerg s −1 cm −2 ), and .015 < σ R < .22 (R J ). The other important caveat is that we have made no attempt to account for observation error, so applying these formulas to planets discovered using methods/telescopes with sensitivities significantly different than the planets we considered may produce a systematic bias. Still, even though they are approximate, these fits provide quick and useful estimates for contextualizing new observations.
DISCUSSION
We anticipate that these upper limits will provide useful information to atmosphere models. For example, Wakeford et al. (2018) examine WASP-39b and find, among other results, an atmospheric metallicity of 151 +48 −46 × solar. Our models find a maximum metallicity of 54.5 × solar. This tension suggests that the true metallicity is near the bottom of their 2σ range, and that the planet likely has a fairly well mixed interior.
It may also point towards favoring their free chemistry model, which found a moderately lower metallicity.
In some cases, the metallicity can exceed our upper limits if the planet interior is hotter than expected by our models. This could occur if the planet is tidally heated, as hypothesized for GJ 436b in Morley et al. (2017) , or if the planet is potentially much younger than the models (see discussion in Kreidberg et al. 2018) . These potential effects would be minimal in hot Jupiters if the anomalous heating mechanism does not include a delayed cooling component (see Fortney & Nettelmann 2010; Spiegel & Burrows 2013) , as these planets must already be supplied with a massive amount of energy and would quickly reach equilibrium.
In the long run as these observations become more numerous and precise, it may be possible to investigate the ratio of the atmosphere metallicity to the bulk metallicity, f . If a certain set of planets consistently exhibit f ≈ 1 (such as how WASP-39b appears), it suggests that these planets are generally well mixed -they have minimal cores or composition gradients. Cases where f is closer to zero, such as the solar system planets, suggest the converse. These possibilities have been studied theoretically both in the solar system (e.g. Vazan et al. 2016; Moll et al. 2017; Leconte & Chabrier 2012) , and for exoplanets (e.g Vazan et al. 2015; Chabrier & Baraffe 2007) , but observational evidence has been sparse, especially for the latter case. Using interior models in conjunction with atmosphere modeling can provide a new and unique approach to these issues.
